Protein is essential for growth and reproduction. We used nitrogen stable isotope analysis to reconstruct protein (i.e., nitrogen) dietary origin in 2 Antillean nectarivorous bats with contrasting morphology of the masticatory apparatus: the Greater Antillean long-tongued bat (Monophyllus redmani, Glossophaginae) and Poey's flower bat (Phyllonycteris poeyi, Phyllonycterinae). M. redmani has a masticatory apparatus that is more adapted to feed on flowers, whereas P. poeyi has a feeding structure that resembles the structure of frugivorous bats. M. redmani relied on a mixture of nitrogen derived from insects and plants, and P. poeyi depended more on plant nitrogen. Based on previous findings in fecal contents, we concluded that M. redmani obtained plant nitrogen mainly from pollen, and P. poeyi obtained it predominantly from fruits. Our study suggests that jaw morphology plays a major role in dietary diversification among nectarivorous bats to obtain protein.
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In contrast to the paramount role of nectar as a source of energy (O'Brien 1999; Voigt and Speakman 2007; Welch et al. 2006 Welch et al. , 2008 , it is a poor provider of nutrients that nectarivores need to survive (Baker 1977) . In particular, floral nectar contains minute amounts of amino acids, and nectarivorous animals must resort to other food sources to meet their protein requirements. For example, protein is obtained from insects by hummingbirds (López-Calleja et al. 2003) and honey eaters (Ford and Paton 1976) , and this nutrient is extracted from pollen grains by nectarivorous insects, birds, and mammals .
Proteins are essential for animal growth and reproduction, and finding adequate sources of this nutrient is vital for the survival of nectarivores (White 1993) . Use of a particular food item as a reliable source of protein depends on how efficiently it is found and captured, processed by the masticatory apparatus, and digested. In particular, craniodental morphology is clearly associated with feeding habits (Aguirre et al. 2002; Dean et al. 2007; Dumont 2007; Langenbach and van Eijden 2001; Nogueira et al. 2005 Nogueira et al. , 2009 , and it might play a central role in determining the protein source favored by some nectarivores. In the Neotropics nectarivorous bats are broadly characterized as having long, narrow palates and heads that facilitate feeding on flowers. However, although the group is monophyletic (Carstens et al. 2002; Simmons and Wetterer 2002) , significant morphological variation can be found in their masticatory apparatus. For example, Freeman (1995) ranked nectarivory based on a tooth space index (i.e., ratio of total space between upper teeth over length of maxillary toothrow): nectarivorous species with a high index (30-40%) are considered obligate nectarivores, whereas those with a low index (1%) are thought to have a generalist diet. The dietary sources of protein for New World nectarivorus bats is broadly classified as consisting of pollen, insects, and fruits (Gardner 1977) , but the reliable use of each of these items might be constrained by the morphology of their feeding apparatus.
Field studies support the central role of insects as the main source of protein for Neotropical nectarivorous bats because they have high protein content (Bell 1990) and their remains are frequently found in the feces of many species (Fleming et al. 1972; Gardner 1977; Heithaus et al. 1975; Herrera M. et al. 2001b; Howell 1974a; Muchhala and Jarrín-V. 2002; Soto-Centeno and Kurta 2006; Tschapka 2004; Zortéa 2003) . Pollen grains contain high amounts of nitrogen , are digested by nectarivorous bats (Herrera M. and Martínez Del Río 1998; Mancina et al. 2005) , and can support the protein requirements of nonreproductive individuals (Howell 1974b) . In contrast to insects and pollen, fruits have low nitrogen content (Thomas 1984) , and their use might be constrained in some species by the structure of their masticatory apparatus (Kelm et al. 2008; Soto-Centeno and Kurta 2006) .
Nectarivorous bats in the Antillean islands are represented by 4 endemic genera, ranging from bats with craniodental traits resembling those of continental frugivores (Erophylla, Brachyphylla, and Phyllonycteris- Carstens et al. 2002; Freeman 1995) to bats with traits that are similar to those of continental nectarivores with generalized feeding habits (Monophyllus-Carstens et al. 2002; Freeman 1995) . We tested the hypothesis that diversity of the masticatory apparatus among Antillean nectarivorous bats is reflected on their feeding strategies to obtain dietary nitrogen. We compared the origin of assimilated nitrogen in 2 species of syntopic nectarivorous bats with contrasting morphological traits: the Greater Antillean long-tongued bat (Monophyllus redmani, subfamily Glossophaginae) and Poey's flower bat (Phyllonycteris poeyi, subfamily Phyllonycterinae). P. poeyi has a space index (Freeman 1995) of ,2.5%, whereas the index in M. redmani has a value of ,5%. Although the general diet of both species of bats includes nectar, pollen, fruits, and insects (Silva-Taboada 1979), P. poeyi uses fruits more often than does M. redmani, which in turn relies more heavily on pollen (Mancina et al. 2007 ). We predicted that, similar to continental frugivorus bats (Herrera et al. 2002; Herrera M. et al. 2001a Herrera M. et al. , 2001b , P. poeyi would use fruits as its main source of assimilated nitrogen. In contrast, we predicted that M. redmani would derive most assimilated nitrogen from insects. We based our 2nd prediction on the significant use of insects as food reported for several glossophagine bats, even when flowers are available throughout the year (Muchhala and Jarrín-V. 2002) .
We used nitrogen stable isotope analysis ( 15 N/ 14 N) from samples collected over several months in a Cuban tropical evergreen forest. This approach allowed us to quantify the proportion of assimilated nitrogen derived from animal (insects) or plant (fruits and pollen) products because enrichment of tissues with 15 N relates to diet (DeNiro and Epstein 1981).
MATERIALS AND METHODS
Study site.-This study was conducted in Sierra del Rosario Biosphere Reserve, in the easternmost portion of the Cordillera de Guaniguanico in western Cuba (22u429360N, 83u339590W). The reserve has an area of 250.7 km 2 and is characterized predominantly by tropical evergreen forest (Herrera et al. 1988 ), although only small patches of littlealtered forest remain. The climate is characterized by a rainy season from May through November, and a dry season from December to April. The mean annual temperature is 24.4uC, and the mean annual rainfall is 2,014 mm (Herrera and García 1995) . In general, fleshy fruits are available throughout the year; information on seasonal fluctuation of fruit and flower biomass in the reserve is not available, but most flowering and fruiting of bat-visited plants occurs between April and July (Vilamajó and Menéndez 1988; C. A. Mancina, pers. obs.) .
Collection of samples.-Monophyllus redmani and P. poeyi were captured between May 2001 and September 2002 with mist nets at sites characterized by nonmature or regenerating forests. We used four to six 9-m or 12-m mist nets with 35-mm mesh set from the ground to a height of 2.5 m. Pregnant or lactating females were identified to determine if the origin of assimilated nitrogen was different from that of nonreproductive females. All bats were marked with a numbered band on a plastic necklace. Guidelines of the American Society of Mammalogists for the care and use of mammals were followed (Gannon et al. 2007) , and research permits were obtained from local authorities.
We collected 100-200 ml of blood from the antebrachial vein of individual M. redmani (n 5 36) and P. poeyi (n 5 28) using heparinized capillary tubes and placed them in a plastic vial with 70% ethanol. Blood samples also were collected from a smaller number of individuals of 1 mormoopid insectivore (sooty mustached bat [Pteronotus quadridens], n 5 1), 1 phyllostomid nectarivore-frugivore (Cuban fruiteating bat [Brachyphylla nana], n 5 4), and 2 phyllostomid frugivores (Jamaican fruit bat [Artibeus jamaicensis], n 5 16; and Cuban white-shouldered bat [Phyllops falcatus], n 5 3). Blood samples were dried in an oven at 40uC and kept refrigerated for nitrogen stable isotope analysis (Herrera M. et al. 2001a (Herrera M. et al. , 2001b . The nitrogen isotope analysis of whole blood reflects the isotope composition of dietary protein assimilated by nectarivorous bats in the previous 1-2 months (Mirón et al. 2006 ). This approach has been used in other tropical vertebrates (Herrera et al. 2002; Herrera M. et al. 2001a Herrera M. et al. , 2001b Herrera M. et al. , 2009 , and it is based on protein being the primary organic solute found in blood (Withers 1992). We collected ripe fleshy fruits and nocturnal insects during each sampling period to determine their isotopic composition and to use them as a baseline to interpret our results. For stable isotope analysis fruits and insects were stored dry. Pollen samples were not collected, but we assume that their isotopic composition is similar to that of fruit samples. We have no a priori reason to expect differences in nitrogen stable isotope composition between these plant products, and our assumption is supported by the finding of no significant differences between pollen and fruit samples collected in a Mexican desert (L. G. Herrera M., pers. obs.).
Isotopic analysis.-Nitrogen stable isotope analysis was conducted at the University of California in Davis, California. Dry samples were powdered in a small mortar and pestle. Stable isotope ratios of nitrogen were measured in a continuous-flow isotope ratio-mass spectrometer (20-20 mass spectrometer; PDZEuropa, Northwich, United Kingdom) after We estimated the contribution of assimilated nitrogen derived from plants (PC) for each individual M. redmani and P. poeyi using the following 2 end-point mixing model (Fleming 1995) :
, in which a plants is the diet-blood N isotopic discrimination factor appropriate for a plant diet, and a insects is the isotopic discrimination factor appropriate for an insect diet. We assumed that a plants 5 a insects , and we used the average value (3.2%) from 2 studies using a pollen-based diet (3.1%-Voigt and Matt 2004) and a soya-based diet (3.3%- Mirón et al. 2006) . A 3rd discrimination value for bats fed an amaranth-based diet (4.4%-Mirón et al. 2006) was not considered because bats lost weight on this diet. Nitrogen diet-tissue isotopic discrimination varies depending on the type of diet offered to the animal (Pearson et al. 2003; Robbins et al. 2005; Vanderklift and Ponsard 2003) . We recognize that lack of specific 15 N discrimination for bats fed an insect diet could affect our estimates, but the available information corresponds only to bats fed protein of plant origin (Mirón et al. 2006; Voigt and Matt 2004) . However, we consider that bias in our estimates is minimal because the difference between the average of d 15 N insects and 1 species of insectivorous bats in our study was 3.4%, suggesting similar diet-blood 15 N discrimination values for bats fed plant and insect diets. We did not use a method proposed recently to calculate discrimination factors based on data on diet isotope ratios because it does not have any functional foundation (Caut et al. 2009 ).
Given the low number of samples of fruits and insects collected each month, we used average values of all the samples collected during the study for each food source in the equation. The average d
15 N values were 1.1% 6 1.9% (mean 6 SD here and hereafter; n 5 13), and 4.3% 6 1.4% (n 5 18) for fruits and insects, respectively. As expected, insects had higher d
15 N values than did fruits (Mann-Whitney U 5 20.5, P , 0.001), which validates the use of the stable isotope approach in our study.
Because omission of variability in food-source isotopic values can lead to underestimation of the variability in estimates of food proportion, we estimated standard errors (SEs) and confidence intervals (CIs) using the method developed by Phillips and Gregg (2001) . Briefly, this method provides a means for estimating SEs and 95% CIs for mean source contribution that includes variability in d
15 N values of food sources and consumers. We used version 1.04 of the ISOERROR program (Phillips and Gregg 2001) . We did not use a concentration-dependent model because our inference is based on the proportional contribution of source-derived nitrogen to assimilated nitrogen in bat tissues, but we recognize the importance of using such a model when inference extends to estimates of biomass consumed (Phillips and Koch 2002) .
Data analysis.-We compared d 15 N and PC values between M. redmani and P. poeyi using analyses of variance (ANOVAs) with species, sex, and season as factors. We considered 2 seasons: the period of more species of bat-visited plants bearing flowers, fruits, or both (samples from April, May, June, and July) and the period when the number of batvisited plants with flowers, fruits, or both decreases (samples from September and December). Both d 15 N and PC values were normally distributed (Kolmogorov-Smirnov test of normality; d , 0.26, P . 0.10). We did not include other species of bats in the ANOVA because of small sample sizes. All statistical analyses were performed using STATISTICA 7 (StatSoft, Tulsa, Oklahoma) and the level of significance was a 0.05.
RESULTS

Nitrogen stable isotope values.-Monophyllus redmani had significantly higher d
15 N values (6.6% 6 2.5%) than P. poeyi (4.5% 6 1.2%; F 1,56 5 7.62, P 5 0.01); the effects of seasons (F 1,56 5 0.29, P 5 0.59), sex (F 1,56 5 0.01, P 5 0.93), and the interactions among the 3 factors were not significant (P .
in all cases). Average annual d
15 N value in M. redmani was similar to the values found in P. quadridens (7.7%) and B. nana (6.2 6 1.8%). This value in P. poeyi was similar to the values found in P. falcatus (2.0% 6 0.8%) and A. jamaicensis (3.7% 6 1.1%).
Sources of assimilated nitrogen.-According to our estimations of PC based on the obtained d poeyi, respectively) were very similar to the values obtained when considering only mixture variability in both species of bats. However, CIs were slightly wider with ISOERROR in M. redmani (0.28-0.75) and P. poeyi (0.63-1.00).
Because of small sample sizes, reproductive condition was not included in the statistical analysis. We captured only 2 reproductively active females of M. redmani; 1 pregnant female in April had a high PC value (0.79) and 1 lactating female in May had a low PC value (0.01). In the case of P. poeyi, 4 pregnant females in April-May had very high PC values (0.90-1.00), and 4 lactating females in June-July had PC values ranging from medium to high (0.56-1.00). Reproductively inactive females were captured only in July and had similar PC values to those of lactating females captured in that period (0.59-1.00, n 5 4).
DISCUSSION
The 2 focal species of Antillean nectarivorous bats used different feeding strategies to obtain dietary protein: P. poeyi depended mainly on plants as its main source of assimilated nitrogen, whereas M. redmani relied more heavily on insects. When compared to the other bat species we studied, P. poeyi had similar isotopic composition to the 2 species of frugivores, suggesting a similar origin of assimilated nitrogen. In contrast, M. redmani had d
15 N values that resembled those found in 1 insectivorous species and 1 nectarivorous-frugivorous bat known to include insects in its diet (Silva-Taboada 1979; Swanepoel and Genoways 1983) .
Phyllonycteris poeyi feeds on fruits to a large extent in the study area (Mancina et al. 2007) . Although fruits are generally labeled as protein-poor items (Bosque and Pacheco 2000; Moermond and Denslow 1985) , bats might obtain a complete set of essential amino acids from a mix of several species of fruits (Wendeln et al. 2000) . Previous isotopic reconstructions show that fruits are the main source of protein in some species of neotropical frugivorous bats (Herrera et al. 2002; Herrera M. et al. 2001a Herrera M. et al. , 2001b . Low nitrogen requirements might allow some of these species to subsist on a predominantly frugivorous diet Thomas 1996, 1999 ; L. G. Herrera M., pers. obs.). Low nitrogen requirements combined with a masticatory apparatus that allows the efficient use of fruits (Freeman 1995) probably allow P. poeyi to live on fruits as its main source of nitrogen.
In contrast, fruits are less commonly reported in the diet of M. redmani (Mancina et al. 2007 ), probably reflecting the constraints imposed by a masticatory apparatus that is more adapted to feed on flowers (Freeman 1995; Kelm et al. 2008) . Pollen is the most common plant item in feces of this species (Mancina et al. 2007 ), a rich source of nitrogen , and digested in the bat's intestine (Mancina et al. 2005) ; nevertheless, our isotopic reconstruction indicates that insects contributed significantly to the nitrogen dietary pool. High reliance on insects as food by M. redmani has been reported based on the substantial presence of insect remains in stomachs (Silva-Taboada 1979) and feces (Soto-Centeno and Kurta 2006). However, when individual PC values are examined a distinct separation exists between almost equally large proportions of individuals relying highly on plants (PC 5 0.93 6 0.12, n 5 16) and insects (PC 5 0.03 6 0.08, n 5 18). Given the absence of seasonal or sexual differences in PC values in this species, we have no explanation for this pattern.
Isotopic reconstruction partly separated the 2 species of nectarivorous bats into different trophic guilds. Partition of food resources might function as an ecological mechanism allowing the coexistence of 2 nectarivorous species that are present in large populations in the study area (Mancina 2008; Mancina et al. 2007 ). However, CIs indicate a certain degree of overlap between both species attributable to a predominant use of plant nitrogen by ,45% of M. redmani. The extent of this overlap is probably lower if M. redmani eats pollen as plant dietary source instead of fruits (Mancina et al. 2007 ).
Protein becomes a crucial element in the nutrition of bats when females are pregnant or lactating (Racey 1982) , which might favor richer sources of nitrogen during this nutritionally demanding period. P. poeyi has 1 reproductive period between April and July (Mancina et al. 2007) , when fruiting peaks (Vilamajó and Menéndez 1988) , and almost all pregnant and lactating females relied on plant nitrogen. A predominant use of plant nitrogen was found previously in most females of 5 species of neotropical frugivorous bats (Herrera et al. 2002; Herrera M. et al. 2001b ). Based on intake estimates to satisfy nitrogen requirements, lactating females of short-tailed fruit bats (Carollia perspicillata) can meet their nitrogen requirements on a diet based on fruits of Piper amalago and Muntingia calabura (Delorme and Thomas 1996) . Fruits of M. calabura and Piper aduncum are used to a large extent by P. poeyi (Mancina et al. 2007 ) and, similar to C. perspicillata, lactating females might be able to meet their nitrogen requirements on a diet based on these fruits. Because of small sample size, we were not able to determine the origin of dietary nitrogen in reproductive females of M. redmani. It is likely that lactating and pregnant M. redmani use insects as their predominant source of nitrogen, similar to what has been found for Pallas's long-tongued bat (Glossophaga soricina Herrera M. et al. 2001b) . Contrasting strategies to meet nitrogen requirements during reproduction could be related to distinct reproductive patterns in our focal species. P. poeyi reproduces during the period of high fruit availability, but M. redmani has 2 reproductive periods (Mancina et al. 2007 ) facilitated by its use of insects in addition to plants.
Our isotopic reconstruction revealed different strategies to obtain assimilated dietary nitrogen in 2 species of Antillean nectarivorous bats with contrasting structure of the masticatory apparatus. With its high reliance on fruits, P. poeyi fits the ecological role of continental understory frugivorous bats in Antillean islands (Fleming et al. 2005; Freeman 2000; Mancina et al. 2007 ). In contrast, M. redmani used insects to a higher extent, although equal proportions of individuals relied predominantly on plants or on insects. Why did about half of M. redmani resort to insects as a source of nitrogen? Given that M. redmani can digest pollen (Mancina et al. 2005) , is this item in limited amounts to supply nitrogen to the entire population? Unfortunately, no data exist to address this question, but continental glossophagine bats in dry and rain forests complement their nectar-pollen diet with insects during the flowering season (Herrera M. et al. 2001b; Tschapka 2004) or even when flowers are available year-round (Muchhala and Jarrín-V. 2002) . Fruits comprise an important part of the diet of glossophagine bats during the season when flowers are scarce, but insects are heavily consumed (Fleming et al. 1972; Heithaus et al. 1975; Tschapka 2004; Zortéa 2003) and provide most dietary nitrogen during this period (Herrera M. et al. 2001b) . Whether glossophagine bats eat insects accidentally while visiting flowers or they actively hunt for insects is not known, but previous reports of stomachs (Fleming et al. 1972 ) and feces (Zortéa 2003) with significant amounts of insect remains and no pollen or small amounts of pollen suggest that they search for insects. Fruits are a secondary dietary item for M. redmani (Mancina et al. 2007; SotoCenteno and Kurta 2006) , and their use is probably restricted by a masticatory apparatus that is more adapted to flowerfeeding (Freeman 1995) . Our findings support the hypothesis that dietary strategies to obtain nitrogen are influenced by the structure of the masticatory apparatus in Antillean nectarivorous bats.
RESUMEN
Las proteínas son esenciales para el crecimiento y la reproducción en los vertebrados. En este estudio usamos el análisis de isótopos estables de nitrógeno para reconstruir el origen alimentario de la proteína (i.e., nitrógeno) en dos especies de murciélagos nectarívoros antillanos con diferente morfología del aparato masticatorio: el murciélago lengüilargo (Monophyllus redmani, Glossophaginae) y el murciélago de cuevas de calor (Pyllonycteris poeyi, Phyllonycterinae). M. redmani tiene un aparato masticatorio adaptado para alimentarse de flores, mientras que el de P. poeyi es similar al de los murciélagos frugívoros continentales. M. redmani obtuvo el nitrógeno de una mezcla de insectos y plantas, mientras que P. poeyi lo obtuvo primordialmente de plantas. Con base en trabajos previos con contenido de heces fecales en estas especies, concluimos que el nitrógeno vegetal en M. redmani fue obtenido principalmente del polen, mientras en P. poeyi se obtuvo de los frutos. Nuestro estudio demostró que la morfología de la mandíbula juega un papel primordial en la diversificación alimentaria para obtener proteína en los murciélagos nectarívoros antillanos.
